Abstract-A novel method to improve the angular stability of artificial magnetic conductors (AMCs) is presented. The study is carried out from the viewpoint of designers facing common design specifications (resonance frequency, bandwidth, and commercially available dielectric). AMCs resonating at 5.8 GHz are designed based on square loop and patch-shaped unit cells, introducing lumped components on a later stage aiming to improve the angular stability. Both an equivalent circuit model and electromagnetic simulations are used to provide a clear justification of the presented results. Moreover, some guidelines to choose the proper lumped components' values, using analytical expressions and an AMC's equivalent circuit model, are provided.
I. INTRODUCTION
M ETASURFACES are two-dimensional metamaterials, which exhibit unique properties to tailor the propagation of electromagnetic waves. They have proved their usefulness as invisibility cloaks [1] , detectors and sensors, and absorbers [2] - [3] , among other applications. Artificial magnetic conductors (AMCs) are a subset of metasurfaces exhibiting in-phase reflection when a plane wave impinges on them. AMCs are commonly designed as a frequency selective surface on a grounded dielectric substrate. They are characterized by computing their reflection coefficient, in both magnitude and phase (the latter varies between ±180
• ). Its operating bandwidth (BW) is defined as the range of frequencies with a reflection coefficient phase within ±90
• and a magnitude close to 1. There is a wide range of applications for AMCs: 1) as a ground plane for antennas to improve their radiation parameters (BW, efficiency and gain) [4] , [5] ; 2) in radio frequency identification [6] ; 3) to reduce the radar cross section of certain targets [7] , [8] and the specific absorption rate [9] . Most studies involving AMCs are based on improving their bandwidth using multiresonant structures, either by stacking several layers [10] or by using two AMCs with close resonance frequencies [11] . On the other hand, the introduction of lumped inductors to miniaturize them [12] and/or increase their bandwidth [13] has also been presented in the literature. However, only a few contributions deal with improving the AMC's angular stability, and most of them are based on multilayered [14] or complex [15] unit cells. Although both polarizations, transverse electric (TE) (electric field normal to the incident plane) and transverse magnetic (TM) (magnetic field normal to the incident plane), are usually studied, only a 0 • polarization angle is considered.
Consequently, this letter aims to develop a new technique for improving the angular stability of loop-and patch-based AMCs, resonating at 5.8 GHz, with a proper bandwidth and using a commercially available dielectric. It is known that once the dielectric characteristics of the AMC are fixed, the AMC's geometry and periodicity are the only parameters that can modify its bandwidth and angular stability. RO4003C dielectric (ε r = 3.38) with a 1.524 mm thickness (h) is considered. In this letter, the AMC's geometrical dimensions are adjusted to achieve a 5.8 GHz resonance frequency.
Moreover, the pros and cons of applying the proposed technique to the loop-and patch-based AMCs are shown, and some design guidelines are provided. HFSS electromagnetic software with proper master/slave boundary conditions and a Floquet port excitation are used in the simulations.
II. ANGULAR STABILITY RESULTS FOR LOOP-AND PATCH-BASED AMCS
In this section, the angular stability of both loop-and patchbased AMCs will be analyzed. This analysis will be carried out as follows: The polarization angle of the incident wave (φ) is varied from 0°to 90°in steps of 15°, and for each φ, its incidence angle (θ) is varied from 0°to 60°also in steps of 15°[see Fig. 1(a) ]. The frequency deviation (Δ f ) defined as the maximum deviation of the resonance frequency (f r ) and the stable bandwidth (B s ), for which the structure behaves as an AMC no matter the θ, will be computed for each φ. The worst cases (maximum Δ f and narrowest B s for whichever φ and θ) considering both TE and TM polarization will be shown [16] .
A. Loop-Based AMC
A square loop-based AMC (LBAMC) is initially designed to resonate at 5.8 GHz [see Fig. 1(b) ], obtaining the following dimensions: w e = 8.2 mm, w i = 5.3 mm, and p = 9.2 mm.
AMCs are usually modeled as an equivalent surface impedance (Z s ), which is the parallel connection of the grid and the grounded dielectric impedances [16] . The equivalent circuit model of the LBAMC is shown in Fig. 1(d) . Fig. 1 (e) depicts the grid inductance's model (L g ) hat is due to the metallic strips of the unit cell. The grid capacitance (C g ) is caused by the gap between unit cells, and the grounded dielectric slab can be modeled as an inductor (L d ), provided electrically thin dielectrics are considered [16] . The frequency deviation and the stable bandwidth are obtained using HFSS (first row of Table I ). As it was analytically studied in [17] , a self-resonant grid above a grounded dielectric slab is the optimum configuration that analytically avoids the angular dependence of the AMC's resonance frequency [17, eq. (21)]. However, as it was shown by the simulation results in the same paper, there is still a certain angular dependence concerning the frequency deviation. From [16] , it can be concluded that by using highly inductive grids, the AMC's angular stability can be improved. Therefore, lumped inductors are introduced in the middle of each unit cell's side [see Fig. 1(c) ] [the AMC with these unit cells will be known as loopbased AMC with lumped inductors (LBAMCI)]. As introducing lumped inductors implies increasing the inductive behavior of the unit cell and hence a reduction of the resonance frequency, the unit cell's dimensions must be reduced to keep the resonance frequency at 5.8 GHz. Therefore, the LBAMCI geometric parameters will be: w e = 6.3 mm, w i = 3.4 mm, p = 7.3 mm, and w L = 0.8 mm. The width of the unit cell's strips has not been modified since it was wisely chosen to fit 0805 sized inductors [18] . The required lumped inductors' value to get the intended resonance frequency can be estimated through the LBAMCI's equivalent circuit model of Fig. 1(d) and (f). The value of the grid capacitance (C g ) can be assessed using the formulation presented in [19] for a grid of conductive strips, obtaining C g = 0.203 pF. The inductive behavior of the grounded dielectric slab is computed as L d = μh = 1.92 nH [16] . The This proves the validity of the presented method to estimate the required lumped inductors' value that provides the intended resonance frequency. The error in the inductor's value estimation is contributable to the approximations used in the formulation (the grid inductance is estimated using the inductance of a microstrip line; it is assumed an electrically thin dielectric slab).
The angular stability analysis of the LBAMCI is presented in the second row of Table I . By comparing the results of LBAMC and LBAMCI in terms of Δ f and B s , it can be concluded that the introduction of lumped inductors in the unit cells improves both the frequency deviation and the stable bandwidth. Moreover, a miniaturization of the AMC's unit cell is also achieved, allowing to arrange more unit cells in the same space and hence approaching in a greater extent to the infinite behavior of the simulated AMC. The worst-case angular stability results of LBAMC and LBAMCI are shown graphically in Fig. 2 to further clarify the analysis carried out.
B. Patch-Based AMC
The angular stability of a square patch-based AMC (PBAMC) is now analyzed. Fig. 3(b) depicts the AMC's unit cell. To reach the targeted resonance frequency (5.8 GHz), the unit cell's geometric parameters must be: p = 11 mm and w e = 10 mm.
The PBAMC's equivalent circuit model is shown in Fig. 3(d) . Fig. 3(e) shows the grid capacitance's model that arises from the gap between neighbor unit cells. As it was said, the grounded dielectric can be modeled as an inductor (L d ).
The first row of Table II shows worst-case angular stability results of this PBAMC. Lumped capacitors are introduced between neighboring unit cells [see Fig. 3(c) ] to improve the angular stability of the patch-based AMCs. As with the LBAMCI, the unit cell periodicity should be reduced to achieve f r = 5.8 GHz once the lumped capacitors are introduced. Thus, the geometric parameters of this patch-based AMC with lumped capacitors (PBAMCC) are: p = 8.9 mm, w e = 7.9 mm, and w C = 1.26 mm. The value of the lumped capacitors can be estimated using the equivalent circuit model of the PBAMCC [see Fig. 3(d) ] and the grid capacitance's model [see Fig. 3(f) ]. The inductor due to the grounded dielectric has the same value as in LBAMCI (L d = 1.92 nH) since the dielectric thickness is not varied. The value of C g , which is the grid capacitance between neighboring unit cells once the lumped capacitance is introduced, can be estimated using the edge capacitance used in [21] , obtaining C g = 0.135 pF. Knowing these two values (L d and C g ), the value of the lumped capacitor (C) is estimated from the resonance frequency of the AMC's equivalent circuit model, given that f r = 5.8 GHz is sought. Therefore, solving for C, a value of 0.12 pF is obtained. Performing electromagnetic simulations of the AMC using lumped capacitor's values about the analytically obtained one, a value of 0.1 pF is needed to get the desired resonance frequency. Thus, the validity of the analytical approximation is verified. The second row of Table II shows the angular stability results of the PBAMCC. Although it seems from the simulations results that the frequency deviation is slightly reduced, this cannot be confirmed from an analytical point of view. However, what is possible to ensure is that the stable bandwidth is greatly improved when capacitors are introduced between unit cells.
C. Comparison Between Loop-and Patch-Based AMCs Using the Previous Technique
As it was shown in the previous sections, the angular stability of the loop-and patch-based AMCs can be improved by introducing lumped components (inductors and capacitors, respectively). The LBAMC and LBAMCI provide a smaller frequency deviation than both PBAMC and PBAMCC, respectively. However, the stable bandwidth is wider if PBAMC and PBAMCC are considered. The latter is even more evident when lumped capacitors are introduced (PBAMCC). Thus, the choice of loop-or patch-based AMC relies entirely on the intended application and its bandwidth/stability requirements. On the other hand, when the AMC has to face small area constraints, the LBAMCI is the best option due to the higher miniaturization rendered by it.
D. Method to Improve Angular Stability
Once the previous structures are analyzed, a method to improve the angular stability of loop-and patch-based AMCs can be provided.
1) According to the requirements of the intended application, choose either a loop-or patch-shaped AMC. 2) Design the AMC taking into consideration the lumped component sizes (that will be introduced) and the fabrication tolerances and restrictions. 3) Estimate the required lumped components value (inductors or capacitors). 4) Use electromagnetic simulations to adjust the proper lumped component value, using the estimated one as the starting point and considering the ones commercially available whose self-resonance frequency is well above the AMC's operation band. 5) If the lumped component is not commercially available, you should slightly readjust the unit cell geometrical dimensions up to an available component can be used.
E. Explanation of the Phenomenon Using a Modeling
Following the work presented in [16] , the analytical expressions that can be used for modeling the grounded dielectric slab (Z d ) and the grid impedance (Z g ) of both patch-and loop-based AMCs for TE and TM polarizations are
For TE, Z TE d
(1) does not depend on the incidence angle, but Z g for both patch-(4) and loop-based (5) AMCs does. However, increasing C g for the patch-based AMC brings about a decrease of Z TE g p a t ch (4) and, hence, an incidence angle dependence reduction. On the other hand, for the loop-based AMC, increasing L g mitigates the variation of Z TE g lo o p
with the incidence angle [16] .
For the TM case, Z TM d depends on the incidence angle. Nevertheless, increasing C g for the patch-based AMC, gives rise to a decrease in Z TM g p a t ch , and hence, this lower value dominates in the AMC's surface impedance [parallel connection between (6) and (2)]. On the other hand, increasing L g in the loop-based AMC compensates the variation of Z TM d with the incidence angle.
As it was previously shown, the reduction of the Z s angular dependence improves both Δ f and B s for the LBAMCI and maintains Δ f , and widens B s for PBAMCC with regards to LBAMC and PBAMC, respectively.
III. CONCLUSION
A new technique to improve the angular stability of loopand patch-based AMCs through the introduction of lumped components (inductors and capacitors, respectively) has been presented. An analytical study of both AMCs to get a proper estimation of the inductor's and capacitor's values required to achieve a 5.8 GHz resonance frequency has been shown. As a reward for the introduction of lumped components, not only an enhancement of the angular stability has been proved, but also the possibility of miniaturizing the whole AMC. Although a square-shaped loop and a patch-based AMC have been considered in this letter, this technique can be spread to other AMC's unit cell geometries as well.
The method described in this letter overcomes the previously different approach (already in the literature) [14] , [16] - [17] in terms of angular stability improvement. On the other hand, the technique introduced in [22] gives rise to a multilayer structure, and even though it achieves a small frequency deviation, a uniaxial complex structure design is needed. In addition, none of the mentioned contributions carries out a complete angular stability analysis.
Increasing the structural capacitance or inductance can give rise to similar behavior, but this is more difficult to predict. Changing the structural elements not only causes the inductance and/or the capacitance behavior of the AMC to change, but also its capacitance and/or inductance behavior, respectively. Hence, it is not easier to increase the inductance (capacitance) behavior without modifying considerably the capacitance (inductance) one. Therefore, as a general conclusion regarding the AMC angular stability, it can be said that the introduction of lumped components outperforms the design of structures that achieve the same inductive or capacitive behavior through structural features. This is not only because they are easier to be designed, but also because their design parameters and their gap between neighbor unit cells can be controlled (which is crucial in the AMC angular stability behavior [16] ).
Furthermore, the limitation in the angular margin that can be measured using a quasi-monostatic configuration setup [23] gives rise to use indirect methods to both test an AMC's performance and prove its utility. An example of such an indirect method could be the combination of AMCs with other electromagnetic devices, such as antennas or waveguides, to test the latter improved performance due to the AMC's presence. Indeed, authors are currently working in the miniaturization and radiation properties enhancement of an antenna operating at frequencies below 1 GHz by applying this methodology.
